This model is built by considering the utilization rate of nitrogen as the first step in calculating the rate of growth of the various organs of a grass crop. The amount of carbohydrate determines whether there are sufficient carbon skeletons and sufficient energy available to support synthesis of new material. Growth of roots, tillers\stems and leaves is simulated with leaf divided into photosynthetic and non-photosynthetic structures. The model keeps account of soluble carbohydrate and nitrogen pools in each of the organs and storage pools of carbohydrate in the leaves and roots. The modelled crop has an age structure so that each plant organ has an age profile describing daily changes in growth ; when the oldest tissue becomes senescent a fraction of its nitrogen is recycled.
INTRODUCTION
The major objective of the work described in this paper was to test the hypothesis that growth in grasses could be calculated from concentrations of non-structural, substrate nitrogen (Gastal and Nelson, 1994) . Other mineral elements were assumed to be abundant and a mechanistic model was used. The basic growth processes were calculated initially in terms of potential nitrogen and carbohydrate use and finally in terms of carbohydrate availability. The photosynthetic system was treated separately from the leaf structure. The hypothesis of nitrogen-led growth was tested by comparing experimental data and the predictions of growth, morphology and physiology in a changing field environment for different nitrogen treatments and atmospheric carbon dioxide concentrations.
Several other workers have emphasized the importance of nitrogen in modelling plant growth (Van Keulen, Goudriaan and Seligman, 1989) . A / gren (1985) assumed that growth depends on the amount of nitrogen in the plant and presented mathematical relationships which were expressed formally in terms of relative growth rates and an equation describing nitrogen productivity. Caloin and Yu (1984) analysed the changes in nitrogen content in Dactylis glomerata using a kinetic model of growth in which two § For correspondence. components of plant material were considered. The first component was associated with biomass production and the second component with material available for metabolic functions. Greenwood et al. (1991) developed mechanistic equations linking the percentage nitrogen content of dry matter to growth rates in a number of species. Thornley and Verberne (1989) made an exceptional contribution to the theoretical modelling of nitrogen flows in grassland, in particular describing the dynamics of nitrogen in the soil system. Lambers et al. (1990) emphasized the importance of considering the broader aspects of plant physiology in addition to considerations of nitrogen productivity when analysing growth.
The mechanistic model of the grass crop used in this paper was based on one built by Sheehy, Cobby and Ryle (1980) in which the values of parameters and variables for crop morphology and physiology responded automatically to changes in the environment. The model contained six modules, any of which could be easily replaced. That model gave accurate predictions for a single period of growth but was constructed by considering the capture and utilization of carbon alone. Sheehy and Johnson (1988) suggested that mechanistic models based on the two substrate approach of Thornley (1976 Thornley ( , 1977 gave a more complete understanding of crop growth, and this model can run from year to year.
MODEL SHELL
The model of Sheehy et al. (1980) was chosen to be the shell for the quantitative assessments of the concepts proposed in this paper, in part because of its familiarity to the authors, but also because the modelled crop had an age structure and the characteristics of tissue produced on any day could be followed during subsequent crop growth. If the proposed hypothesis is valid and the sub-models accurate, the predictions of the modified model should be representative of published values of grass growth.
The original model had six operational modules as described by Sheehy et al. (1980) . (1) Generation of assimilate (photosynthesis).
(2) Partitioning of assimilate.
(3) Respiration of assimilate. (4) Death of tissue. (5) Redistribution of assimilate : (a) daily for emerging leaves ; (b) following defoliation. (6) Transformation of assimilate into plant tissue. This paper describes a novel approach which involved the complete replacement of parts (2) and (6) of that original model. Other changes have been made in the light of recent advances in understanding (e.g. Farrar, 1990 ) and incorporated in the model. The photosynthetic response to atmospheric carbon dioxide concentration was based on Thornley, Fowler and Cannel (1991) . Translocation was described by a model of the Mu$ nch hypothesis (Sheehy et al., 1995) in which the primary source of reduced nitrogen is considered to be the leaves and not the roots. The availability of soil nitrogen followed Thornley and Verberne (1989) . Root dynamics were improved using the results of Troughton (1981) who found that grass roots could survive for up to 3 years. To simulate this, at the beginning of a year 25 % of the total root weight was assumed to be suberized and roots were considered to die when 10 % of the original assimilate assigned for their construction remained after respiration (Sheehy et al., 1980) . Two new features of the model which are described are storage pools for carbohydrate, and root exudation of carbon and nitrogen (Lambers, 1987) . These were found to be necessary during the construction of the model because otherwise unrealistically large amounts of soluble carbohydrate accumulated in the plants.
The accounting of carbon is carried out in units of carbohydrate-CH # O. The weights of CH # O and dry plant material are often close because plant material usually contains around 40 % carbon (Sheehy, Cobby and Ryle, 1979) . The model applies to a grass sward on unit ground area.
THEORY

Compartments and fluxes
A grass crop is represented by compartments between which fluxes of soluble substrates occur (Fig. 1) . The crop is assumed to be vegetative so that true stems and reproductive structures can be omitted. The leaf compartment in the model is the blades only. The leaf sheaths form a pseudostem from which tillers can emerge ; this compartment is called the tiller\stem. For simplicity in the initial mathematical description of the model, the tiller\stem pool will be considered to be switched off. Once the functional outline of the model and its equations are established, the tiller\stem pool will be introduced and considered to be functional at all times. The translocation of substrates in the phloem from one compartment to another is described using the concept of pressure driven flow modelled by Sheehy et al. (1995) . The crop is assumed to have an age structure with nitrogen being recycled from the senescent tissues into the leaf substrate pool as shown in Fig. 2 .
The flux of carbon or nitrogen from a soluble pool to become new plant material is called utilization and is unidirectional. In contrast, the fluxes between the soluble and storage pools are reversible, and so are the translocation fluxes although usually translocation is from the leaves to the roots or tiller\stem.
The continuity equation is used to describe the changes in mass in each compartment. The rate at which mass enters the leaf compartment (the leaf substrate pool of soluble carbohydrate and nitrogen) is assumed to be described fully by the rate of photosynthesis, P, together with the rates at which carbohydrates stored in the leaf pools are mobilized for use, and the rate of entry of reduced nitrogen E n . (All symbols are defined with their units in the Appendix.) It is assumed that E n is equal to the sum of the rates at which nitrogen is taken up from the soil and is recycled from senescent tissue ; all of the nitrogen from the soil enters the leaf pool. A flux, R organ , of nitrogen from the soluble pools is used in the formation of new structures. For the successful formation of the new structure there has to be enough carbohydrate, determined by the ratio of carbohydrate to nitrogen, n organ , to provide the carbon skeleton of the new material and also sufficient carbohydrate to support the respiratory cost of synthesis. The rate at which mass leaves the leaf compartment (soluble substrate pool) is described by the rates at which carbohydrate are stored in the short and long term pools, the rate of translocation and the rates of utilization of nitrogen and carbohydrate for growth. The rate of nitrogen utilization in the leaves is U Ln , likewise the utilization of carbohydrate in the leaves is U Lc ; the utilization rates in the roots are U Rn and U Rc . The masses of soluble nitrogen and carbohydrate in the leaves are given by M Ln and M Lc and in the roots by M Rn and M Rc .
Nitrogen use
Michaelis-Menten kinetics (Thornley and Johnson, 1990) were assumed to describe the rate of utilization of soluble nitrogen for growth ( Fig. 3 ) and the equations used were of the form
where R organ is the rate of utilization of soluble nitrogen for the growth of a plant organ, V Nm is the maximum rate of soluble nitrogen use for organ growth on a unit ground area basis and is a function of temperature, T g , C n is the concentration of soluble nitrogen in the relevant substrate pool, K N is the Michaelis-Menten constant for nitrogen, and p is a constant governing the shape of the curve. The temperature response is shown in Fig. 4 . The growth of leaves was divided into two parts : the first concerned with the photosynthetic system and the second with leaf structure, so two rates of nitrogen utilization were defined, R pmech and R leaf . The rate of nitrogen utilization in the roots, R root , was also described using the Michaelis-Menten equation. The values of parameters in the equations used (Table 1) were based on reported ratios of carbon and nitrogen in plants and partly on experimental experience. The rate of growth of new structural mass (W organ : defined in terms of nitrogen and carbohydrate mass per unit ground area) for each component of the crop can be written as
where n pmech , n leaf and n root are the carbohydrate to nitrogen ratios in the various structures (Table 1 ). The total carbohydrate used to synthesize structure has to include a synthetic yield factor, Y, which accounts for the respiratory costs of synthesis (Thornley, 1976) . Thus the amounts of carbohydrate utilized in the synthetic processes are :
U Croot l (n root R root )\Y.
We can write the rate of utilization of nitrogen for growth in the leaves, U Ln , as
and the rate of utilization of carbohydrate for growth in the leaves, U Lc , as
Similar equations can be written for the roots : Grass leaves grow from a basal meristem and start to senesce from the tip. There are usually three or four leaves growing on a tiller. The increments are here identified by the day on which they were created where d is the day number of the current day and j is the age of the oldest increment of the leaf, usually around 30 d depending on air temperature. Apart from the leaves, nitrogen is also recycled from senescent roots and tillers\stems. When an increment of leaf dies the carbohydrate remaining becomes litter, containing the fraction of nitrogen that is not recycled. and U Rc l (n root R root )\Y.
If there was sufficient soluble nitrogen and carbohydrate in the root pool to meet growth requirements, then exudation of carbon and nitrogen were assumed to occur and the temperature-dependent rates were proportional to the soluble mass of carbohydrate, M Rc , or nitrogen, M Rn , in the root :
and
where F exudN and F exudC are the fluxes of nitrogen and carbohydrate per unit ground area, f exudN and f exudC are the rate constants taken as 0n3i10 − ' s − ", and the temperature factor, T g , is given in Fig. 4 .
Storage and remobilization of carbohydrate
Carbohydrates are stored in temperate grasses mainly as fructans (Hendry, 1993 ). In the model, the storage of carbohydrate in leaves was divided between two pools. The first, a short-term pool, stored throughout the leaves, was (1) with the values for the parameters given in Table 1 . The curve for tiller\stem is the same as for leaf structure. For the same concentration of nitrogen in their substrate pools, the growth of roots and to a lesser extent leaf structure is favoured at low concentrations of nitrogen ( 0n5 mg N g −" d.wt). With higher concentrations of nitrogen the growth of the photosynthetic system is increasingly favoured. At a concentration of 3 mg N g −" d. wt in the leaf substrate pool, defined as the ideal concentration for optimal growth, N id , the curves have reached 99, 97 and 79 % of their maximum values for the photosynthetic mechanism, root and leaf structure, respectively. The equations are given below ; T air is in mC. In each case the equation is not used below 0 mC when the temperature factor is set at its minimum value.
T s l 0n013 T # air exp (kT air \10)j0n75. The minimum value of T s is 0n75 at 0 mC ; the maximum is 1n45 at 20 mC.
The minimum value of T g is 2i10 −' at 0 mC ; the maximum is 1n0 at 20 mC.
concerned with providing carbohydrates when the rate of photosynthesis was zero at night or at a low rate in the day. The second pool was a longer-term storage pool situated at the base of the leaves. When defoliation was simulated the fraction of the short-term pool removed was directly proportional to the fraction of the leaf removed ; the long-T  1. Values of the parameters of the Michaelis-Menten equations, gi en in general form as eqn (1), used to describe the rate of nitrogen use in the synthesis of the leaf structure, photosynthetic machinery (pmech), root and tiller\stem. Both nitrogen and dry weight are expressed per square metre of ground area as is V Nm . The alue of p helps shape the cur e and n organ represents the carbohydrate to nitrogen ratio F. 5. The maximum rate of uptake of nitrogen by roots at a given concentration of nitrogen in the soil [eqn (25) with a value of 4n34i10 −* m$ g −" root s −" for S kn , the slope of the line]. Above the line is a region where the demand for nitrogen cannot be met and growth of the crop becomes limited by nitrogen availability. In the model the concentration of nitrogen in the soil is 1333 g N m −$ ; that is, 400 g N m −# in a rooting depth of 30 cm.
term pool was assumed to be below the cutting height. A single storage pool was simulated for the roots. All the storage pools had a temperature-dependent rate of res-T  2. Values of the parameters of the Michaelis-Menten equations, gi en in general form as eqn (14), used to describe the rates of storage and remobilization of carbohydrate in the two leaf pools and the root pool. The parameter V Sm is expressed with reference to unit ground area ; below the applicable range in concentration of soluble carbohydrate, C f , the alue of V Sm is zero piration equivalent to a turnover of 1 % per day at the reference temperature. Michaelis-Menten kinetics (Thornley and Johnson, 1990 ) were assumed to describe the rates at which carbohydrate was stored or remobilized, S pool . In the model both storage and remobilization are switched on and off at defined concentrations of soluble carbohydrate in the leaf or root pool. The equations used were of the form
where V Sm is the maximum rate of storage or remobilization and is a function of temperature, T s , C f is the concentration of soluble carbohydrate and K S is the Michaelis-Menten constant for carbohydrate. Subscripts were used to denote storage and remobilization from the different pools (i for in and o for out are from the point of view of the soluble substrate pool). The rate of change in the mass of stored carbohydrate in a pool is equal to the difference between the rates of storage and remobilization. The values of the parameters of the equations used (Table 2) were based on predicted concentrations of carbohydrate and partly on experimental experience.
Translocation
The mechanism suggested by Mu$ nch (1930) to describe mass flow driven by pressure gradients has the form (Sheehy et al., 1995) F l k "
where F is the flux of matter ; T K is the temperature in K ; C " and C # are concentrations ; Ψ " and Ψ # are the water potentials in the apoplastic tissue surrounding the two pools acting against the osmotic pressure in the phloem ; and k " and k # are translocation coefficients describing the physical nature of the transport system (Table 3) . When water is freely available then Ψ " l Ψ # and eqn (15) reduces to the more familiar Mu$ nch form where the flux depends on the concentration difference (C " kC # ) alone. The values of k " and k # are calculated using data for numbers of phloem sieve tubes per unit ground area and their characteristic dimensions (Sheehy et al., 1995) .
T  3. The alues of the translocation coefficients. These parameters are for translocation from the leaf to root (k " and k #
) and from the leaf to the tiller\stem (k $ )
Changes of mass in the leaf and root compartments
The translocation of nitrogen in the phloem connecting leaf and root is F Rn where
and the translocation of carbohydrate is F Rc where
and C with an appropriate subscript (see Appendix) is used to represent concentration (the ratio of non-structural to structural mass).
The rate of change of nitrogen in the leaf pool can be written dM Ln \dt l E n kF Rn kU Ln .
The equation for carbohydrate dynamics is
Using the same arguments, two equations describing the change of nitrogen and carbohydrate in the root compartment can be written as
and dM Rc \dt l F Rc jS Ri kS Ro kU Rc kF exudC .
Nitrogen concentration for optimum growth Greenwood et al. (1991) defined a critical nitrogen concentration in dry matter, which included all forms of nitrogen, as the minimum percentage nitrogen needed for maximum growth. In this paper we are concerned with the utilization of soluble nitrogen pools and we define an ideal leaf concentration of soluble nitrogen, N id (0n003 g N g − " d.wt), as
where dMh Ln \dt is the rate of change of the mass of nitrogen in the leaf pool required to produce the ideal concentration. The ideal nitrogen concentration is the minimum concentration of soluble nitrogen in the leaf pool required to sustain the optimum growth rate. Using eqn (18) 
where E id is the amount of nitrogen required to ensure a concentration N id exists in the leaves. The quantity E id is the sum of the rate at which nitrogen is recycled and the minimum rate at which nitrogen must be extracted from the soil to make up the balance ; this is a function of root mass and the nitrogen available in the soil [eqn (25)]. All of the nitrogen from the photosynthetic system in senescent tissue and 25 % of the nitrogen from all structural senescent tissue is assumed to be recycled.
Limitations on nitrogen uptake from the soil
A nitrogen limitation to growth exists when there is insufficient soluble nitrogen to support a defined optimum growth rate which is usually a near-maximum rate. In this model both are defined with respect to N id and it is assumed that the uptake of nitrogen by the crop is regulated (Imsande and Touraine, 1994) so that together with recycled nitrogen a soluble concentration in the leaf pool of N id is maintained. The primary purpose of this model is to explore the relationship between soluble nitrogen in the plant and growth, not the mechanisms controlling the supply of nitrogen from the soil to the leaf pool. Consequently, we have devised an extremely simple method of creating nitrogen limitations to growth, building on the approach adopted by Van Keulen et al. (1989) . Different or more complex models could have been constructed to reflect better the soil structure and active uptake processes in the plant, but this was not pursued because it was not essential in the context of this paper.
Nitrogen limitations to growth were created by comparing the rate at which the crop would have to extract nitrogen to maintain an ideal soluble concentration in the leaf pool, N id , with the maximum rate at which the soil could supply nitrogen to the root system. Thus, a relationship between crop demands for soil nitrogen and the capacity of the soil and its nitrogen pool to meet that demand has to be established. An imbalance between demand and supply leads to sub-optimal nitrogen concentrations in the plant. Factors such as root distribution and the amount of labile nitrogen in the soil need some consideration. The dynamics of soil nitrogen beneath a grassland crop has been analysed by Thornley and Verberne (1989) and the size of the soil nitrogen pool has been estimated using the relevant parts of that model.
To make progress with the problem we assumed that a simple transport equation could be used to describe the maximum capacity of the soil to supply unit mass of root with nitrogen. An average effective soil nitrogen concentration, ρ an , was defined as ρ an l N A \d
where N A is the size of the soil nitrogen pool, expressed on a unit ground area basis, contained within the rooting depth, d. The maximum rate at which nitrogen can be transported to unit weight of root is F SoilN and
where S kn is the transport coefficient or rate constant for nitrogen defined for unit weight of root in the soil. The value used (4n34i10 − * m$ g − " root s − ") is compatible with data in Brewster and Tinker (1972) and in Wild (1988) for rapid rates of nitrogen movement in a fertile soil. If the demand of the crop for nitrogen exceeds F SoilN the crop becomes nitrogen limited and the concentration of soluble nitrogen in the leaf pool falls below N id (Fig. 5) .
Altered allocation when carbon is limiting
As a consequence of the nitrogen-led approach, unusual questions can be posed about what controls the use of assimilate. This section draws attention to such questions but may not provide full answers. What happens in conditions when soluble nitrogen is available, but carbo-hydrate concentrations limit its full utilization ? The equation of mass conservation can be applied to describe the change in mass of the soluble carbon pool in the leaf compartment during a small time interval t " to t # as
where M cnew is the mass of carbon in the leaf pool after the time interval t " to t # , F Rc is the rate of translocation out of the pool, U Cleaf and U Cpmech are the rates at which carbohydrate is used for synthesizing new leaf and new photosynthetic machinery. If it is assumed that ∆P, ∆S L " i , ∆S L # i , ∆S L " o , ∆S L # o , ∆F Rc , ∆U Cleaf and ∆U Cpmech are the result of evaluating the various parts of the integral over the small time interval in eqn (26), we can write
When carbohydrate supply exceeds the demand for carbohydrates M cnew 0 and the carbon demands of the leaf are fully satisfied. However, as the demand approaches the supply M cnew approaches zero, and the utilization of carbon by the synthetic processes is limited. This introduces the problem of how to divide the available carbon between the synthesis of leaf structure and the synthesis of photosynthetic machinery. The physiological mechanisms governing the division of carbohydrate resources in such conditions remain obscure. To examine the division of carbohydrate between the photosynthetic system and the leaf structure we can substitute M cnew l 0 in eqn (27) and by rearranging the terms we have
We can define two fractions f " and f # such that
where f " jf # l 1. Mathematically all combinations are possible, but what biological constraints exist are unknown.
If for example f # l 0 then the leaves would be lacking in chlorophyll and would appear white rather than green.
The carbohydrate could be divided equally between the two synthetic leaf processes ; an equal division occurs when f " l f # l 0n5 and we can write
Adopting such a solution reveals our ignorance of the underlying control mechanism, but highlighting ignorance is a valid part of modelling. Accepting eqn (31), eqns (1)-(3) and the values in Table 1 imply that the rate of nitrogen use in the synthesis of the photosynthetic mechanism would be five times greater than that in the synthesis of the leaf structure. Consequently these values for f " and f # lead to biologically plausible solutions and are used in this paper.
If both nitrogen and carbon were completely non-limiting,
where V Nleaf and V Npmech are the maximum rates of nitrogen utilization for leaf structure and photosynthetic mechanisms [eqn (1) and Table 1 ] and approximately 20 % more carbon would be used for leaf structure than photosynthetic mechanism.
Addition of tiller\stem compartment
Tillering is one of the most plastic aspects of grass growth and for the sake of completeness this section is included formally in the model to assist with further development. The introduction of a tiller\stem compartment necessitates modifications to eqns (18) and (19) to take account of translocation to this pool as shown below. We can write dM Ln \dt l E n kF Rn kF TSn kU Ln (33) and
where it is assumed that tillers depend on the leaves for their resources. Tillers are assumed to be at the same water potential as the leaves and the pressures opposing osmotic pressure in the phloem are equal and translocation depends only on osmotic pressure differences. Thus,
where k $ is a translocation coefficient (Table 3) 
between leaves and tillers and is analogous to k "
in eqn (15). The changes in the masses of nitrogen and carbon in the tiller\stem pool can be written dM TSn \dt l F TSn kU TSn (37) and dM TSc \dt l F TSc kU TSc
The equations for concentration and structural mass in the tiller\stem compartment are exactly analogous to those for the leaves and the roots. It is assumed that the tillers have the same rates of nitrogen and carbon utilization as leaf structure defined by eqn (1) and Table 1 . Difficulties could arise when there is insufficient carbon to support the nitrogen-led growth potential. However, in most conditions when growth is limited, tiller growth and development are inhibited first and so it will be assumed that when carbon is in short supply, i.e. there is only enough or less than enough carbon to satisfy the nitrogen-led requirements of leaf and root synthesis, the utilization rates of carbon and nitrogen in the tiller\stem compartment are zero. This means that U TSn l 0 (39) and U TSc l 0 (40) and it follows that translocation into the tiller\stem compartment is negligible or zero. Consequently, eqns (29) and (30) remain unchanged.
MODEL INPUTS
The climatic data for the years 1987 and 1988 were collected at Lusignan, south-west France (46m 20h N, 0m 15h E ). In the model, day 1 is 1 Jan. To diminish the effects of the initial assumptions the model was run for 2 years and the results presented in this paper are those estimated for the second year, from 1 Mar. 1988 (Fig. 6) . The time-step for photosynthesis, translocation and growth was 5 min and cutting dates were simulated to match typical harvest days at Lusignan. The model was run under low and high nitrogen regimes varying from 0n004 g N m − # d − " to 0n6 g N m − # d − ". These are approximately equivalent to the agricultural practice of Months F. 7. The predicted course of dry weight for shoots (A) and roots (B) with cuts simulated on 3 May, 6 Jul., 15 Aug. and 17 Oct. The concentration of atmospheric carbon dioxide was 350 µmol mol −" and the two runs were carried out with high (--) or low (----) nitrogen treatments of 0n4 or 0n004 g N m −# d −" . These high and low nitrogen treatments correspond to notional fertilizer applications of 160 or 1n6 kg N ha −" for the growth period, totalled over 40 d of regrowth. The model needs some nitrogen to run so that 1n6 kg N ha −" corresponds to natural mineralization of nitrogen with no fertilizer applied. The isolated points are experimental data obtained at Lusignan.
by guest on January 6, 2016 http://aob.oxfordjournals.org/ Downloaded from applying no fertilizer or 250 kg N ha − " as a top dressing following a harvest before a typical regrowth period of about 40 d. The response to nitrogen in the model begins to saturate at approximately 0n4 g N m − # d − " under current carbon dioxide concentration.
RESULTS
The seasonal patterns of predicted shoot weight for the two nitrogen treatments at the current atmospheric concentration of carbon dioxide (350 µmol mol − ") are shown in Fig. 7 A. The high nitrogen treatment produces about two to three times the shoot weight of the low nitrogen treatment and similar differences were predicted for root weights ( ) F. 9. The relationship between percentage nitrogen (total nitrogen in the shoots expressed as a percentage of the total shoot weight) and the soluble (non-structural) carbohydrate content on the day of cutting for high ($) and low (#) nitrogen treatments. These points are for runs with current or elevated carbon dioxide with the two nitrogen treatments ; the points for different carbon dioxide concentrations are not distinguished. The cutting dates and nitrogen treatments are given in the legend of Fig. 7 . F. 10. The annual pattern of predicted structural weights of shoots (A) and roots (B) on the day of cutting for high and low nitrogen treatments (defined in the legend of Fig. 7) at two concentrations of atmospheric carbon dioxide : 350 and 560 µmol mol −" . The day numbers correspond to 3 May, 6 Jul., 15 Aug., 17 Oct. and 6 Dec. In each group of four bars the left pair are for high nitrogen and the right pair for low nitrogen. In each pair current carbon dioxide concentration is on the left and elevated concentration is on the right. 7 B). Nitrogen limits the overall growth of the plant although shoot to root ratios vary with such treatments. The agreement with comparable experimental data (Belanger, 1990) is reasonable. Root weight decreases for a time after a cut because the loss of weight as roots die exceeds the weight of new roots being formed while the leaf canopy regrows.
The change in the year in the percentage nitrogen in the shoot dry matter, that is structural and soluble nitrogen in the leaves and tiller\stem divided by the total dry weight of those organs all expressed as a percentage, is shown in Fig.  8 . It can be seen that percentage nitrogen in the low nitrogen treatment is at most half that of the high nitrogen treatment and generally much less ; such changes and differences were observed by Greenwood et al. (1990) . The minimum percentage nitrogen occurs in the summer. Following defoliation, percentage nitrogen rises and then falls as the growth period progresses. The changes following defoliation are caused by the remobilization of the carbohydrate stored in the long-term pool and the removal by cutting of carbohydrate stored in the short-term storage pool. Seasonal changes are largely the result of increases in the soluble and stored carbohydrates. Differences between the high and low nitrogen treatments are the result of changes in the allocation of nitrogen between the photosynthetic system and the structural parts of the leaf with increasing nitrogen availability ( Fig. 3) and not of changes in soluble carbohydrate contents (Fig. 9) . The maximum value of percentage nitrogen largely depends on the magnitude of the nitrogen to carbon ratio assumed for the photosynthetic system, n pmech . The annual pattern of predicted shoot structural weights at harvest for a high and a low nitrogen treatment at two atmospheric carbon dioxide concentrations is shown in Fig. 10 A. As might be expected from the initial assumptions made in this model, soil nitrogen has a major effect on structural weight whereas atmospheric carbon dioxide has comparatively little effect ; similar results are predicted for root structural weight (Fig. 10 B) . In contrast, both nitrogen and carbon dioxide affect the non-structural weights of carbohydrate for shoots and roots as shown in Fig. 11 , the largest values being associated with the high carbon dioxide treatment. In the high nitrogen treatment the annual yield expressed as above-ground dry weight (structural plus nonstructural) was 1n4 times greater at high carbon dioxide than at low carbon dioxide. In the low nitrogen treatment the annual yield expressed as above-ground dry weight was 1n8 times greater at high carbon dioxide than at low carbon dioxide. Similar effects on root weight were observed. The reason for the difference between the effects of carbon dioxide at the two nitrogen treatments was the larger quantity of non-structural carbohydrates in the low nitrogen treatment. During mid-summer at current carbon dioxide the maximum predicted non-structural carbohydrate concentration, including stored carbohydrates, was approximately 40 % for the shoots and 35 % for the roots (corresponding storage carbohydrate concentrations of 26 % and 15 %) but at elevated carbon dioxide the predicted concentrations were 58 % and 53 % (corresponding storage carbohydrate concentrations : 41 % and 17 %). Thomas et al. (1993) reported a maximum starch concentration of 50 % for cotton leaves grown at elevated carbon dioxide concentration.
DISCUSSION
No attempt has been made to predict any set of experimental values by exactly synchronizing or matching simulation and experimental details, such as biomass remaining after simulated cuttings. Nevertheless, the predicted weights are in broad agreement with yields reported for temperate grasses (Parsons, 1988 ; Greenwood et al., 1990 ; Belanger, Gastal and Lemaire, 1992) .
It is clear that a mechanistic model of grass crop growth can be constructed by considering the utilization of nitrogen as the primary synthetic activity. By adopting this approach as opposed to the usual carbohydrate-led one, the effects of carbon dioxide are not confounded with effects of nitrogen (A / gren, 1994), and a different perspective is put on the growth processes. Nevertheless, when the storage pools and simulations for the high carbon dioxide conditions are calculated the defects of the model mechanisms are highlighted.
The model uses standard respiration coefficients for the synthesis of biomass, but the storage carbohydrates (starch or fructans) are considered to require no maintenance respiration (although here a rate equivalent to a turnover of 1 % per day was included) and in the simulations large amounts of soluble carbohydrate accumulate during summer. Furthermore, differences between the nitrogen and carbon dioxide treatments can be attributed to the large amounts of non-structural carbohydrates present especially in the low nitrogen treatment. Some of the problems of storage carbohydrates and atmospheric carbon dioxide have been discussed by Thomas et al. (1993) who suggested that maintenance respiration rates can be confounded by the presence of storage carbohydrates and the effects of high carbon dioxide. Nijs, Impens and Behaeghe (1989) suggested that the enhanced yield (19 %) observed in their experiments with Lolium perenne growing at elevated carbon dioxide was lower than expected owing to higher rates of respiration in this treatment. It is clear that the current modelling approach highlights the need for a clearer understanding of respiration in relation to storage and remobilization of carbohydrate.
Goudriaan and de Ruiter (1983) reported a growth response to increased carbon dioxide with low amounts of nitrogen, and lower nitrogen concentrations have been reported for perennial ryegrass grown at elevated carbon dioxide by Overdieck and Reining (1986) . Nevertheless the concentrations reported here for the low nitrogen treatment are extremely low and suggest that a feedback mechanism has not been included in the model. The influence of high carbon dioxide on stomatal resistance was not included in the model although such effects have been reported (Wong, 1993) , nor was any feedback effect of non-structural carbohydrates included. It is likely that both mechanisms exist and their inclusion would have a marked effect on the carbohydrate contents in the high carbon dioxide and low nitrogen treatments simulated in this paper.
By adopting the nitrogen-led approach to mechanistic modelling novel questions such as those concerning carbon limitations to growth, feedback effects from non-structural carbohydrates and what controls carbon allocation within a leaf have arisen. These and other questions are not satisfactorily resolved in this paper. That is the nature of modelling and it is hoped that dissatisfaction will stimulate further debate and experimentation. The model does suggest, however, that the growth of the crop may well be ultimately limited by the synthetic enzymes controlling the utilization of soluble nitrogen and further modelling efforts using this approach should prove valuable. 
